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Water deficits cause large yield losses in wheat. Although anthesis is generally considered the most vulnerable period, water 
deficit during grain filling can also cause yield losses. The objective of this study was to investigate the effect of water stress 
and rewatering, at three different grain developmental stages, on physiological and grain filling parameters and on yield com-
ponents. Wheat plants were subjected to water deficit and rewatering at the watery ripe, milk and soft dough stages. In the flag 
leaf, water stress decreased the relative water content, the chlorophyll and protein content and increased the leakage of sol-
utes, at all three studied grain filling stages. Water stress at the watery ripe and milk stages reduced the final grain dry mass 
by 47 % and 20 %, respectively.   This reduction was due to a decrease in the grain filling period and to a significant reduc-
tion in the maximum rate of grain-fill. Water stress imposed at the watery ripe stage reduced not only the linear growth phase 
but also its slope; grain number per spike and the 1000-kernel weight were also significantly reduced. SDS-PAGE patterns of 
grain proteins at the watery ripe stage did not differ between the controls, stressed or rewatered treatments. Protein patterns 
at the milk stage changed substantially with water stress, mainly for the high molecular weight glutenin subunits and ω glia-
dins. Three new bands were observed with apparent molecular weights of 108.5 kDa, 84.8 kDa and 63 kDa. Rewatering re-
verted water stress effects when it was imposed at the milk stage. Water deficit at the soft dough stage did not have any effect 
on protein grain patterns. 
Key words: grain filling, growth rate, logistic model, protein profile, water stress.
O estresse hídrico e a reidrataçao aplicados em três estàgios de desenvolvimento dos gräos afetam diferentemente o 
crescimento e a deposiçao das proteinas dos gräos em trigo (Triticum aestivum L.): O estresse hídrico provoca na cultura 
do trigo grandes perdas de rendimento. Apesar da antese ser considerada, geralmente, a fase mais vulnerável, o déficit hídri-
co durante todo o período de preenchimento também pode provocar perdas na produtividade da cultura. O objetivo do pre-
sente estudo foi pesquisar o efeito do estresse hídrico e da reidratação durante três estágios, no desenvolvimento do grão de 
trigo, sob diferentes parâmetros fisiológicos e do preenchimento dos grãos, e sob os componentes do rendimento. As plan-
tas foram submetidas ao estresse hídrico e  reidratação durante as fases de grão aquoso, leitoso e pastoso. O estresse hídri-
co reduziu o conteúdo relativo d’ água, o conteúdo da clorofila e das proteínas nas folhas bandeiras e aumentou a liberação 
dos solutos, nos três estádios do grão estudados. O estresse produzido durante os estádios aquoso e leitoso reduziu o peso fi-
nal dos grãos em 47 % e 20 %, respectivamente. Essa redução foi devida a um encurtamento do período de preenchimento e 
a uma significativa diminuição na taxa máxima de preenchimento dos grãos. O estresse hídrico no estádio aquoso, não so-
mente reduziu a fase linear da curva de crescimento, mas também sua pendente; além disso diminuiu significativamente o 
número de grãos por espiga e o peso de mil grãos. No estádio aquoso, não foram observadas diferenças nos padrões protéi-
cos (SDS-PAGE) dos grãos das testemunhas, plantas estressadas ou reidratadas, no entanto, o estresse modificou significati-
vamente os padrões protéicos correspondentes ao estádio leitoso, principalmente nas subunidades de gluteninas de alto peso 
molecular e ω gliadinas. Foram observadas três bandas novas com pesos moleculares aparentes em torno de 108,5 kDa; 84,8 
kDa e 63kDa. A reidratação no estádio leitoso reverteu os efeitos do estresse. A estiagem durante o estádio pastoso não teve 
efeito em padrões protéicos dos grãos.
Palavras-chave: estresse hídrico, modelo logístico, perfil de proteínas, preenchimento dos grãos, taxa de crescimento. 
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INTRODUCTION
Stress provoked by drought is a complex process, 
considered as one of the most important factors limiting crop 
yields in the world. The deficiency of available soil water 
often affects the yield of cereals. In Argentina, spring wheat 
(Triticum aestivum L.) can often undergo prolonged periods of 
water stress during grain filling. 
In cereals, each yield component is set during a 
determined phenological phase. Numerous glasshouse and 
field experiments have demonstrated that water deficiency 
can affect yield components, depending on the developmental 
stage at which water deficit occurs (Innes et al., 1981; Blum 
and Pnuel, 1990). The intensity of the response depends 
on the stress severity and its duration, as well as the plant 
developmental stage. One view is that water stress is less 
detrimental to grain yield when occurring early in the crop 
cycle (Blum, 1996). It is well known that stress before anthesis 
has an influence on the number and size of ears. The number 
of grains per ear, ear length and final number of ears per 
square meter can also be reduced when dry conditions prevail 
over the entire period of grain development or at booting 
(Innes et al., 1981; Blum and Pnuel, 1990). 
The two major components of wheat grain are protein 
and starch. In general, the proteins are synthesized essentially 
from nitrogen taken up before grain filling, whereas starch 
is produced from the net assimilation of CO2 after anthesis. 
Therefore, protein and starch deposition during the grain 
filling period do not proceed simultaneously, that is, the rate 
of protein accumulation may reach a peak before that of starch 
and may decline earlier (Herzog and Stamp, 1983). Thus, the 
variation of environmental factors such as high temperature 
and water stress during the post anthesis period mainly affects 
carbon supply and starch accumulation, and has little effect 
on nitrogen accumulation (Triboi et al., 2001). Beltrano et 
al. (1999) demonstrated that when drought is applied after 
anthesis, grains contained more proteins compared with 
control (non-stressed) and when the water stress was reverted 
by rewatering the protein content decreased, although to 
higher values than those of the control. 
The duration of grain filling is determined principally 
by genotype, environmental factors (Sofield et al., 1977; 
Wheeler et al., 1996) and genotype - environment interactions 
(Panozzo et al., 1999).   Kobata et al. (1992) found that a water 
stress imposed at anthesis, or over the first few days after 
anthesis, affects grain set and the grain filling rate, causing 
a reduction in yield components. Beltrano et al. (2000) have 
demonstrated that the mean grain filling rate was diminished 
by stress and that rewatering produced an increase, although 
lower than control. In addition, Dencic et al. (2000) verified 
that the yield components of different genotypes are 
specifically affected by a temporary water shortage and that 
cultivar variation can occur in the trait for drought tolerance. 
Growth of the wheat grain is comprised of three phases, 
following a sigmoidal pattern from anthesis to maturity (Loss 
et al., 1989). Immediately after anthesis there is a short period 
known as the lag phase, around 4-7 days (Hunt et al., 1991), 
when grain number per spike is established. The number of 
endosperm cells formed during this period determines the 
potential grain size (Brocklehust, 1977). During the second 
phase, grain size and dry weight increase linearly, such that 
the rate of grain filling is approximately constant, but these 
changes depend on growth conditions and the cultivar (Sofield 
et al., 1977). The final phase of grain development coincides 
with the maximum grain dry weight and is referred to as 
physiological maturity of the grain. The grain filling process 
can be described by various mathematical functions such as 
quadratic, cubic polynomial or logistic functions (Duguid and 
Brûlé-Babel, 1994; Wheeler et al., 1996; Panozzo and Eagles, 
1999; Li et al., 2000).   Since the rate of grain filling changes 
with the time, its estimation is a complex problem. Zahedi 
and Jenner (2003) have analyzed the grain filling period using 
several mathematical models and they concluded that the 
ordinary logistic model was the most appropriate, since this 
function includes a lag, a linear and a plateau phase. 
Generally, in drought experiments the plants are subjected 
to water stress at anthesis, at post-anthesis or during the whole 
growth period (Shpiler and Blum, 1991; Kobata et al., 1992; 
Karim et al., 2000), rather than at a specific phase of the grain 
filling period. Hence, the objectives of this study were: (i) 
to evaluate physiological parameters of plants submitted to 
water stress and subsequent rewatering at the watery ripe, 
milk, and soft dough stages; (ii) to estimate the grain filling 
parameters of plants subjected to water stress and subsequent 
rewatering at the three grain stages, using an ordinary 
logistic model; (iii) to evaluate yield components of water-
stressed and rewatering plants at the different stages of grain 
development; (iv) to investigate changes of protein patterns as 
consequence of water stress treatments and rewatering during 
the grain filling period.
MATERIAL AND METHODS
Plant material and growth condition: Wheat (Triticum 
aestivum L. Cv. Buck Pronto) caryopses were sown in 12 L 
plastic pots (one per pot) filled with soil and sand (3:1, w/w). 
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The experiments were conducted at La Plata (34° SL, 54’ 
WL) Argentina. Plants were grown in a greenhouse between 
July to December, under natural day-length. The maximum 
photosynthetic photon flux density at the plant top was 1.150 
μmol.m-2.s-1 in July and 2.100 μmol.m-2.s-1 in December. At 
sowing fertilizer was applied equivalent to 50 kg N.ha-1. 
Pests and diseases were controlled. In this paper, only data 
of experiments conducted in the first year are presented 
but these did not differ significantly from those of a repeat 
experiment conducted in the second year.
Treatments: Plants were subject to the following treatments: 
Control: plants were watered daily, to maintain soil water 
potential ( Ψs) close to –0.03 MPa. (Wc). Water stress: 
plants were stressed by withholding watering (Ψs ≈ –1.2 
MPa). It took up to approximately 3 days to reach this soil 
water potential, according to the environmental conditions 
(figure 1). The water stress was imposed at three different 
grain stages: watery ripe stage (EC71) (Ws1); milk stage 
(EC76) (Ws2) and soft dough stage (Ws3) (EC 85) (Zadocks 
et al., 1974) and this Ψs was maintained until the end of the 
experiment. Rewatering: plants at the three different grain 
stages — watery ripe (Wr1); milk (Wr2) and soft dough 
(Wr3) — were first exposed to water stress (Ψs ≈ –1.2 MPa) 
for approximately 3 days, according to the environmental 
conditions, then watered until Ψs was similar to Wc, 
normally within 7 h (Beltrano et al., 1997) and this Ψs 
maintained until the end of the experiment (figure 1). 
To control the water levels, Ψs was measured daily 
during the entire experiment with a HR-33T dew-point 
Figure 1. Soil water potential at different wheat grain filling 
stages: watery ripe stage (WR), milk stage (M), and soft 
dough stage (SD). (*) Water stress initiated; (**) Rewatering 
initiated. Arrows indicate the first water stress or rewatering 
sampling, at each grain stage. The dotted line shows the water 
potential at field capacity, the dashed line shows rewatering 
and the solid line shows soil drying.
psychrometer (Wescor Inc., Logan, UT, USA) with PST-55 
probes, placed 15 cm deep in the soil at the beginning of the 
experiment. The amount of water lost was added to each pot 
to return to the desired Ψs. The availability of the soil water 
was previously determined and a curve of water retention 
was made.
Physiological parameters
To determine these parameters, 5 flag leaves of each 
treatment, were collected at midday at the three different 
grain stages approximately 2 days after the Ψs reached –1.2 
MPa in stresses plants or –0.03 MPa in control and rewatered 
plants, according to environmental conditions (figure 1). 
Electrolyte leakage: After sampling, the flag leaves were 
immediately cut into discs of 0.8 cm diameter. The discs 
were washed briefly three times in deionized water for 
elimination of the solutes liberated during cutting of the 
discs. Five discs of each flag leaf were then placed in a vial 
filled with 10 mL deionized water and maintained at 20°C 
for 4 h. Electrolyte leakage was determined by measuring 
the conductivity of the vial solution, using a DIGICOND 
IV conductimeter (Luftman Co.), and data expressed as 
μS.cm-1. 
Leaf relative water content (RWC): The RWC was measured 
in 5 discs of each flag leaf. The flag leaf discs, obtained in a 
similar manner as that for electrolyte leakage, were weighed 
(wi), floated on distilled water at 4°C in the dark for 4 h, 
blotted, weighed again (wr), and finally dried at 80°C for 48 
h for dry weight determination (wd). RWC was calculated 
according to the formula: RWC (%) = (wi-wd)/(wr-wd)100
Chlorophyll content: The degradation of chlorophyll, 
which was used as an index of senescence, was determined 
according to Morn and Porath (1980) using one disc of each 
flag leaf and 500 mg of glumes and awns of each treatment. 
Data were expressed as μg chlorophyll.cm-2 (leaf) or μg 
chlorophyll.mg-1 (ears: glumes and awns).
Leaf protein content: The protein content was measured in 
two discs of each leaf according to Bradford (1976), with 
bovine serum albumin as a standard. Data were expressed 
as μg protein.cm-2.
 Grain analysis: At anthesis all spikes were tagged. Visual 
observations on time to anthesis (anthers extruded in 
approximately 50 % of the spikes) and time to maturity 
(approximately 90 % of spikes devoid of green coloration) 
Days after anthesis
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were used to estimate the duration of grain filling. Ten 
spikes were sampled from each treatment at 2- to 3-day 
intervals from anthesis up to harvest. Ears were threshed by 
hand. Grain dry mass was determined on five spikes after 
oven-drying at 80°C. The remaining grains were frozen in 
liquid nitrogen, lyophilized and stored at 4°C for subsequent 
nitrogen and SDS-PAGE analysis. The number of grains per 
spike was counted and grain mass determined. The 1000-
kernel weight was calculated. Average rate of grain filling 
was estimated by grain mass at harvest and the duration of 
the filling period. 
For each treatment (control, water stress and rewatering) 
and for each grain stage, the relationship between grain dry 
mass and days after anthesis was described by fitting to a 4-
parameter logistic equation in the following form, according 
to Zahedi and Jenner (2003):  
      W = a+c/[1+exp(-b(t-m))]
Where W estimates grain weight (g); a is the initial 
grain mass; c the final grain mass; b the rate of growth (a 
slope parameter); t is the time variable (days after anthesis); 
m is the point of maximum rate of the logistic curve. 
The duration and maximum growth rate were calculated 
as follows:      
Maximum growth  rate:  R = bc/4
Duration of grain filling:  D = (bm+2. 944)/b
Nitrogen analysis: Total grain nitrogen content was 
determined by micro-Kjeldahl analysis according to the 
official method (AOAC, 1984) and expressed as percentage 
of N in grain dry matter. The nitrogen values were converted 
to protein percentage using a conversion factor of 5.7.
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE). Total proteins were extracted from 20 mg of 
freeze-dried milled grain with 500 µL sample buffer (0.125 
M Tris-HCl, 4% SDS, 30% glycerol, 5 % 2-mercaptoethanol, 
0.02 % Bromophenol blue, pH 6.8). The proteins were 
fractionated by SDS-PAGE according to the procedure of 
Laemmli (1970) using 12% polyacrylamide gels run in a 
Hoefer SE 600 standard dual cooled gel electrophoresis slab 
unit, under the following conditions: 6 hr, 240 V, 50 mA, 
20°C. Gels were stained overnight with 0.025 % Coomassie 
brilliant blue R-250, destained in 40 % methanol and 7 % 
acetic acid and finally stored in 20 % acetic acid solution at 
4°C. The gels were then scanned using an Umax Astra 1200S 
Scanner coupled to an IMB compatible computer. The scan 
of each lane was analyzed using the Sigma Gel 1.0 SSPS 
software, and the molecular mass estimated by comparison 
with molecular size standards (LMW calibration kit for SDS 
Electrophoresis, Pharmacia).
Each gel pattern was scanned three times, with at least 
three replicate lanes of each sample in two different gels (six 
replicates) and the average values determined.
Statistical analysis: The statistical design of the assays 
was based on a completely randomized distribution with 
five replicates for each treatment (control, water stress and 
rewatering) and for each grain stage (watery ripe, milk 
and soft dough stage). Physiological parameters, yield 
components and protein grain content data were subjected 
to ANOVA. When the effect was significant (P<0.05), 
differences between means were evaluated for significance 
by the LSD test. For each grain stage and treatment (control, 
water stress and rewatering), the different grain filling 
attributes were analyzed simultaneously using a parallel 
curve analysis (GENSTAT statistical package, 7th edition, 
VSN International Ltd, Oxford, UK). 
RESULTS  
Effects of water stress and rewatering on physiological 
parameters: The relative water content (RWC) of flag leaves 
was significantly lower for water-stressed plants compared 
to control plants, either at the watery ripe, milk or soft 
dough stage. The RWC of rewatered plants was similar to 
well-watered ones (table 1). 
The solute leakage from leaf discs under well-watered 
conditions did not differ significantly during the entire 
period of grain filling. In contrast, the water-stressed plants 
(Ws1, Ws2 or Ws3) showed significantly increased electrolyte 
leakage compared with the well-watered ones (table 1). The 
loss of solutes from flag leaf discs of rewatered plants (Wr1, 
Wr2 or Wr3) did not differ from that of the control.
Under water stress conditions the chlorophyll content of 
flag leaves decreased significantly at all three grain filling 
stages studied, although at the watery ripe and milk stages, 
the differences between control and water-stressed plants 
were more evident (table 1). The flag leaves of rewatered 
plants retained greater chlorophyll levels than stressed 
ones, but the values were lower than that of the control. The 
chlorophyll content of the ears (glumes and awns) did not 
differ among treatments at the 3 grain filling stages studied 
(table 1).
There were significant differences in foliar protein 
content under stress conditions (table 1). Control and 
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rewatered plants had considerably higher protein contents 
than water-stressed, but there was no significant difference 
between control and rewatered ones (table 1).
Effects of water stress and rewatering on grain analysis: 
The water stress and rewatering treatments carried out at 
the watery ripe, milk and soft dough stages correspond, 
respectively, to the lag phase of the growth curve, to the 
beginning of the linear phase and to the end of the linear 
phase. The grain filling attributes estimated by the ordinary 
logistic model are shown in table 2 and in figure 2.
At the watery ripe stage, grain mass per spike at harvest 
was significantly reduced by the water stress treatment (Ws1) 
(47 %) compared with the control (Wc) (figure 2A and table 
2). Similarly, the duration of grain filling (26.14 days) was also 
shorter than for the control, with a significant reduction in the 
maximum rate and in the time from anthesis to the maximum 
rate (the inflection point) of grain filling (table 2). At Ws1 
there was an evident reduction in the linear phase duration 
(figure 2A). The grain mass per spike between control and 
Ws1 was similar until near 12 DAA, after which the grain 
mass per spike (Ws1) began to decrease with respect to the 
control, reducing significantly the linear phase (26 %) and its 
slope (b= 0.0481, Ws1 and b= 0.0679, Wc). The rewatering 
treatment reversed the detrimental effects of the stress and the 
grain filling attributes increased significantly compared to the 
water stress plants. The final grain mass, the maximum rate of 
grain filling (table 2) and the duration of the linear phase and 
its slope in Wr1 were similar to the control (figure 2A).
When water was withheld at the milk stage (Ws2), 
the estimated parameters were also significantly reduced 
(between 20 and 14 %) (table 2), except for the duration 
of grain filling that  was similar to Wc. The duration of 
the linear phase was 3 days shorter than Wc, while its 
slope was similar to the control. On the other hand, there 
were significant differences in the grain mass (figure 2B). 
Rewatering reversed the water stress effects, and control 
values were reached. 
Water stress applied to the plants at the end of the linear 
phase (soft dough stage) produced no detrimental effects on 
the parameters studied (table 2 and figure 2C).
When plants were subjected to soil drying at the watery 
ripe stage, the reduction in the duration and grain filling rate 
led to a decline in the 1000-kernel weight (values about 17 % 
lower than in well-watered plants). On the other hand, water 
stress at the milk and soft dough stages had no significant 
effect on the 1000-kernel weight (table 3). Moreover, the 
water stress at the watery ripe stage significantly reduced 
the number of spikes per plant (by 30 %) and the number 
of grain per spike (by 35 %), at maturity. At the milk stage, 
when water was withheld, both parameters decreased 
approximately 10 % whereas at the soft dough stage there 
was no significant difference. Rewatered plants, on the other 
hand, produced heavier grains than stressed plants and 
partially reversed the effect of the stress at the watery ripe 
stage and completely at the milk stage (table 3). 
At watery ripe and milk stages, water stress treatment 
increased protein quantity per grain compared with well-
Table 1. Relative water content, electrolyte leakage, chlorophyll and protein content in flag leaves and ears (glumes and awns) 
of wheat plants submitted to water stress and rewatering at watery ripe, milk or soft dough stage. Within a column and grain 
stage, means followed by the same letter are not significantly different.  P< 0.05 level.
Treatment and  grain stage
Relative water 
content   (%)
Electrolyte leakage 
(μS.cm-1)
Leaf chlorophyll 
content (µg.cm-2)
Ear chlorophyll 
content  
 (µg.mg-1)
Leaf protein   
content 
(µg.cm-2)
Watery ripe stage
Wc 93.10 c 58.10 a 73.87 c 1.43 a 14.95 b
Ws1 67.20a 152.30 b 36.01 a 1.30 a 8.52 a
Wr1 89.47 b 57.34 a 59.05 b 1.38 a 15.18 b
Milk stage
Wc 93.79 c 58.13 a 49.13 c 1.45 a 15.67 b
Ws2 67.92 a 120.4 b 13.37 a 1.28 a 4.21 a
Wr2 88.51 b 56.51 a 21.62 b 1.31 a 16.42 b
Soft dough stage
Wc 89.53 b 68.82 a 22.31 b 0.77 a 8.46 b
Ws3 56.64 a 150.30 b 13.11 a 0.42 a 2.69 a
Wr3 89.77 b 66.50  a 20.73 b 0.56 a 7.61 b
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Table 2. Duration of grain filling, final dry mass and rate estimated by the logistic model for wheat plants submitted to water 
stress and rewatering at watery ripe, milk or soft dough stage. Within a column and grain stage, means followed by the same 
letter are not significantly different. P< 0.05 level.
Treatment and grain stage
Duration of grain 
mass filling
(days)
Final grain
dry mass
(g.spike-1)
Maximum rate
grain filling
(g.day-1) 
Time to
maximum rate
(days) 
Watery ripe stage
Wc 35.39 b 1.862 b 0.0748 b 13.57 b
Ws1 26.14 a 0.978 a 0.0544 a 10.56 a
Wr1 34.37 b 1.645 b 0.0736 b 14.43 b
Milk stage
Wc 35.39 a 1.862 b 0.0748 b 13.57 b
Ws2 33.98 a 1.479 a 0.0624 a 11.56 a
Wr2 34.53 a 1.792 b 0.0741 b 14.75 b
Soft dough stage
Wc 35.39 a 1.862 a 0.0748 a 13.57 a
Ws3 34.02 a 1.766 a 0.0744 a 13.84 a
Wr3 34.99 a 1.816 a 0.0747 a 14.03 a
Table 3. Yield components and protein per grain of wheat plants submitted to water stress and rewatering at watery ripe, milk 
or soft dough stage. Within a column and grain stage, means followed by the same letter are not significantly different. 
P< 0.05 level.
Treatment and grain stage
Spikes 
number
per pot
Grain number   
per spike
1000-kernel weight
Main rate of 
grain filling
(g.day-1)
Protein
per grain
(mg.grain -1)
Watery ripe stage
Wc 9.93 b 54.31 c 34.8 c 0,0497 b 5.34 a
Ws1 6.87 a 35.29 a 28.9 a 0.0377 a 6.61 c
Wr1 9.86 b 52.79 b 32.3 b 0.0531 b 6.63 b
Milk stage
Wc 9.93 a 54.31 b 34.8 a 0,0497 a 5.34 a
Ws2 8.87 a 49.36 a 33.1 a 0.0481 a 7.34 c
Wr2 9.80 a 53.86 a 33.6 a 0.0517 a 6.48 b
Soft dough stage
Wc 9.93 a 54.31 a 34.8 a 0,0497 a 5.34 a
Ws3 9.86 a 53.63 a 34.2 a 0.0473 a 6.69 a
Wr3 9.80 a 53.64 a 34.9 a 0.0489 a 5.72 a
watered plants. When the stress was reversed by rewatering, 
the protein quantity per grain was lower compared to 
stressed plants, but higher than the control. At the soft 
dough stage, however, there were no differences between 
treatments. (table 3).
The SDS-PAGE protein patterns of grains at the watery 
ripe stage did not show notable changes in the storage protein 
subunits (figure 3A). However, protein patterns at the milk 
stage differed in terms of relative mobility and band intensity 
between treatments. An evident difference in HWM-GS 
subunits and ω gliadins was observed in stressed samples 
compared to well-watered ones (figure 3B). First, there was 
an increment in the color intensities of the bands of apparent 
molecular mass between 105 kDa and 87.5 kDa. Second, 
3 new bands appeared with an apparent molecular mass 
of 108.5 kDa and 84.8 kDa corresponding to HWM-GS 
subunits and 63 kDa corresponding to ω gliadins. This is 
consistent with the increase in protein content per grain (1.17 
mg.grain-1) for stressed plants compared to the control plants 
(0.99 mg.grain-1). Rewatering partially reversed the stress 
effect, decreasing the protein content per grain (1.01 mg.grain-
1). The SDS-PAGE results showed that at the soft dough stage 
the treatments did not modify the protein patterns. The band 
at 108.5 kDa was observed in all treatments (figure 3C). In 
the water stress treatment, bands with apparent molecular 
mass between 105 kDa and 84 kDa (HWM-GS subunits) and 
between 63 kDa and 58 kDa (ω gliadins subunits), that were 
present at the milk stage, disappeared (figure 3C). 
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DISCUSSION
The results presented in this work indicate that the 
grain filling data for wheat varied significantly when water 
stress was imposed at different times during the grain filling 
period. It is known that water stress during the grain filling 
period does not change the grain number. However, our 
Figure 2. Logistic function representing changes in dry mass 
during wheat grain filling. A. Watery ripe stage. Wc: Control; 
Ws1: Water stress; Wr1: Rewatering; B. Milk stage. Wc: 
Control; Ws2: Water stress; Wr2: Rewatering; C. Soft dough 
stage. Wc: Control; Ws3: Water stress; Wr3: Rewatering. 
Arrows indicate the moment of water stress. Symbols and 
vertical bars represent observed means ± standard errors.
Figure 3. Protein patterns of polyacrylamide gel electrophore-
sis in the presence of sodium dodecyl sulfate (SDS-PAGE) 
of wheat grain. A: Watery ripe stage. B: Milk stage. C: Soft 
dough stage. Line 1, Control; Line 2, Water stress; Line 3, 
Rewatering; Line 4, apparent molecular mass markers (kDa); 
marker [>] indicates position of new bands at the correspond-
ing stage. a, HWM-GS; b, ω gliadin; c, LWM-GS.
experiments show that water stress did affect grain setting 
when imposed only a few days after anthesis (watery ripe 
stage), probably due to the abortion of the upper spikelets 
of the spike. Saini and Aspinall (1981) found that drought 
conditions led to the death of the floret and this occurs at 
the terminal and basal floret of the spike, probably due to 
Days after anthesis
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male sterility caused by water stress. Kobata et al (1992) 
found that water deficit imposed when plants were at 50 
% anthesis markedly affected grain yield. They concluded 
that this reduction resulted from a diminished grain size, 
but not grain number, indicating that water deficit did 
not affect floret abortion. Our results are in disagreement 
with those of Kobata et al. (1992), since we found that the 
water stress at the watery ripe and milk stages significantly 
decreased the yield components (1000-kernel weight, final 
grain mass and grain number per spike). At maturity, the 
grain dry mass of plants subjected to water stress at the 
watery ripe stage was approximately 47% lower than for the 
control. This was due to a 24 % reduction in the rate of grain 
filling and a 20 % reduction in the duration of grain filling. 
Aggarwal and Sinha (1984) and Wardlaw and Willenbrink 
(2000) concluded that drought following heading has little 
effect on the rate of grain filling, but its duration (time from 
fertilization to maturity) is shortened and grain dry mass 
at maturity is reduced. Moreover, Altenbach et al. (2003) 
reported that high temperatures and drought shorten the 
period between anthesis and harvest maturity. 
The logistic model, used to describe grain growth over 
the entire grain filling period, provided a good fit to the grain 
filling data for all the treatments used in these experiments. 
In our study, it was demonstrated that water stress imposed 
at the lag phase (watery ripe stage) produced significant 
variations in grain growth curves, principally for the 
duration and slope of the linear phase as well as for the final 
grain dry mass. When the plants were submitted to water 
stress at the beginning of the linear phase (milk stage), the 
duration and slope of the linear phase were similar to those 
for well-irrigated plants, though the final dry grain mass 
was smaller than for the control. Li et al. (2000) reported 
a longer lag phase under well-watered in comparison with 
water-limited conditions, associated with larger kernel 
weight. Anderson et al. (1985) determined that while the 
number of cells in the endosperm is established during the 
lag phase, one or two weeks after anthesis the grain begins 
to accumulate starch and protein rapidly, increasing its dry 
mass in a nearly linear manner. If water stress occurs during 
the lag phase, the final grain mass decreases mainly as a 
consequence of the smaller number of cells formed in the 
endosperm. If the drought occurs at the beginning of the 
linear phase, diminished synthesis and translocation of 
photoassimilates due to premature leaf senescence leads to 
a reduction in the accumulation of starch and, consequently, 
there is a decrease in yield (Al-Khatib and Paulsen, 1984; 
Karim et al., 2000).  In contrast, if stress occurs at the end 
of the linear phase, when starch and protein accumulation 
is almost concluded, there is no effect on the final yield. On 
the other hand, our data show that rewatering can partially 
reverse the drought stress effect when applied at the watery 
ripe stage, or completely, when applied at the milk stage.
Blum et al. (1991) and Wardlaw and Willenbrink (2000) 
found that the response to drought was the earlier mobilization 
of non-structural reserve carbohydrates from the stem and 
leaf sheaths, which is responsible for the formation of most 
of the grain dry mass at maturity.  Moreover, the decline 
in net CO2 exchange of the leaves, stems and ears of wheat 
following anthesis is accelerated under drought. Our results 
show that the loss of chlorophyll, the decrease in leaf protein 
content and the increase in leakage of cell solutes, each an 
indicator of senescence in green tissues, were promoted by 
water stress, as reported previously (Baisak et al., 1994; 
Beltrano et al., 1994; Beltrano et al., 1999). Moreover, Pinter 
et al. (1996) found that the leaf senescence occurred 2 or 3 
weeks later under well-watered conditions in comparison 
with drought-stressed plants. Furthermore, our data 
demonstrate that rewatering maintained the chlorophyll and 
protein content in flag leaves and, consequently, premature 
ear senescence was prevented.
It has been reported that drought imposed a few days 
after anthesis increased total grain protein, and this was 
not completely reversed by rewatering (Beltrano et al., 
1999). Under these conditions, the deposition of starch is 
more sensitive than the deposition of protein. An increase 
in the percentage of grain protein may occur without an 
increase in protein content per se (Morgan and Riggs, 
1981; Brooks et al., 1982). Water stress at post-anthesis 
may cause the premature cessation of starch deposition. In 
contrast, protein accumulation appears largely unaffected, 
such that an increase in grain protein percentage may result 
(Bhullar and Jenner, 1985; Jenner et al., 1991). In the field, 
protein and starch deposition during grain filling do not 
occur simultaneously; the rate of protein accumulation may 
reach its peak before that of starch, and may decline earlier 
(Herzog and Stamp, 1983). This difference in the pattern of 
deposition has been used to explain a higher percentage of 
grain protein under unfavorable environmental conditions 
that shorten the duration of grain filling period.
The protein content per grain increased in response to 
post-anthesis drought. The levels of HMW-GS subunits and 
ω gliadins increased proportionally with protein content. 
Our data show that HMW-GS, LMW-GS subunits and  ω 
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gliadins, analysed by SDS-PAGE, were synthesized and 
accumulated during the initial stages of grain development, 
between 5-8 days after anthesis. As the grain matures, 
additional protein and an increase in the absolute quantity 
of these fractions were detected, as found by Benetrix et 
al., 1994; Gupta et al., 1996 and Rhazi et al., 2003. During 
the late stages of grain development, the soluble polymeric 
proteins, formed during early stages, polymerize into 
insoluble polymeric proteins of high molecular weight. 
At these stages, significant changes in the distribution of 
polymer size have been observed. The increase in the rate 
of large polymer formation coincides with an increment in 
the quantity of HMW-GS and LMW-GS subunits (Gupta 
et al., 1996; Daniel and Triboï, 2002; Rhazi et al., 2003). 
Daniel and Triboï (2002) showed that under water stress 
conditions, modifications in insolubilisation and oxidation 
properties appeared early. Drought modified the onset of 
the rapid insolubilisation protein. Ours results demonstrate 
that during the accumulation period, the composition of the 
glutenin subunits was modified, with a significant increment 
in HMW-GS. When a water stress occurred a few days 
after anthesis, these modifications appeared earlier and an 
increase in the relative proportion of these fractions was 
found. This is in agreement with Panozzo et al. (2001) who 
found that the proportion of highly polymeric glutenin was 
greater for the non-irrigated environment. Indeed, drought 
conditions would produce an earlier accumulation of HMW-
GS and ω gliadins subunits, that would aggregate at later 
stages.
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